With the aim of linking natural supersymmetry to flavour physics, a model is proposed based on a family symmetry G × U (1), where G is a discrete nonabelian subgroup of SU (2), with both F-term and (abelian) D-term supersymmetry breaking. A good fit to the fermion masses and mixing is obtained with the same U (1) charges for the left-and right-handed quarks of the first two families and the right-handed bottom quark, and with zero charge for the left-handed top-bottom doublet and the the right handed top. The model shows an interesting indirect correlation between the correct prediction for the V ub /V cb ratio and large right-handed rotations in the (s, b) sector, required to diagonalise the Yukawa matrix. For the squarks, one obtains almost degenerate first two generations. The main source of the FCNC and CP violation effects is the splitting between the first two families and the right-handed sbottom determined by the relative size of F-term and D-term supersymmetry breaking. The presence of the large right-handed rotation implies that the bounds on the masses of the first two families of squarks and the right handed sbottom are in a few to a few tens TeV range. The picture that emerges is light stops and left handed sbottom and much heavier other squarks.
Introduction
According to the hypothesis of "minimal" supersymmetry [1] , now termed as natural supersymmetry, the only light states in the supersymmetric spectrum are those that have the largest effect on the quadratic terms in the Higgs potential, and the rest is much heavier. Thus, the only light superpartners are the stops, the left-handed sbottom and the higgsino. Also the gluino is expected to be moderately light, as it enters the Higgs potential at the 2-loop level. The heavy set includes, in particular, the right handed sbottom. The new LHC lower bounds on the superpartner masses [2, 3] , stronger for the first two generations of squarks than for the third one, revive the interest in such a spectrum 1 . Recently, several new ideas have been proposed to explain such a spectrum [5] and detailed LHC analysis were performed [6] .
It is an obvious and interesting theoretical question whether such hierarchical squark masses can be linked to the fermion mass hierarchies in one framework of some theory of flavour, combined with a mechanism of supersymmetry breaking. In this paper, we show that the spectrum of minimal supersymmetry is predicted by the flavour theory based on family symmetry G × U (1), where G is a discrete nonabelian subgroup of SU (2), with both F -term and D-term [7] supersymmetry breaking. Essentially all our phenomenological considerations are the same as in the SU (2) global case. We also point out that in addition to the well known bound on the splitting between the first two and the third family masses [8, 9] , there is in general also an upper bound on the splitting between the left and right handed sbottoms, dependent on the value of tan β. It is a combined effect of the 2-loop and 1-loop contributions to the RG equations for the Higgs mass parameter m 2 H and the scalar masses, mainly the CP-odd Higgs scalar,respectively, that depend on the bottom Yukawa coupling and are proportional to the right-handed sbottom mass. Thus, if the RG evolution from the high scale to the electroweak scale is involved, the "natural" spectrum is generically incompatible with very large values of tan β and with any flavour model that implies such values, the one based on the horizontal U (2) symmetry in particular. The flavour model proposed in this paper works for a large range of moderate values of tan β.
The issues we address in this paper have a long research history. Already in the early days of supersymmetric phenomenology, a large splitting in mass between the third and the first two families of sfermions has been proposed as a way to reconcile the naturalness of the Higgs potential with the suppression of new potential sources of the FCNC and CP violation effects generated by the superpartner sector [1, 10, 11] . A very simple and attractive possibility of linking the supersymmetric spectrum to the fermion one is offered by flavour theories with a single horizontal U (1) gauge symmetry [12, 13] . With both F -term and D-term [7] supersymmetry breaking, one indeed predicts an inverted hierarchy of sfermion masses as a consequence of the hierarchical pattern of fermion masses [14, 15, 16] . The scales in the soft masses depend on the relative magnitude of the F -and D-term breaking.
This attractive mechanism has been, unfortunately, facing certain phenomenological problems. In models based on a single U (1) horizontal symmetry, the compatibility with the fermion mass spectrum implies not only the 3rd generation lighter than the first two but also a large splitting between the first two. Thus, after the rotation from the electroweak basis to the SCKM basis, flavour off-diagonal entries are generated and one needs O(1000) TeV first two generation squarks to suppress FCNC effects to acceptable levels 2 . Such large val-ues are not compatible with the proper electroweak breaking at the level of 2-loop quantum corrections. The constraints on the splitting between the left-and right-handed sbottom has neither been given a sufficient attention so far.
In the present paper we readdress the issue of obtaining natural supersymmetry from a flavour theory and D-term supersymmetry breaking, inspired by the phenomenological success of the model for fermion masses and mixing based on the global horizontal U (2) symmetry [19] . The U (2) model is very predictive and describes well the bulk of the data, with several very interesting relations between the masses and mixings. However, the price for good predictivity is that there is also some tension with the data. It predicts m s /m b = m c /m t (up to order one coefficients). Moreover, as pointed out in Ref. [20] , the prediction for |V ub /V cb | is off by a factor of 2. This tension can be traced back to the left-right symmetric structure of Yukawa matrices and the presence of texture zeros in the (1, 3) , (3, 1) entries in the quark Yukawa matrices. As has been already proposed in Ref. [20, 21] , at least one of these conditions has to be relaxed in order to achieve consistency with experiment. Since the up and down Yukawa matrices have the same pattern, the model naturally works only for large tan β values.
In our present case the left-right symmetric structure in the down sector is broken by the U (1) charge assignment 3 . A good fit to the fermion masses and mixings is obtained for several sets of the horizontal charges and in particular for the same U (1) charges for the left-and right-handed quarks of the first two families and the right-handed bottom quark, and with zero charge for the left-handed top-bottom doublet and the the right handed top. This is the case that we investigate in detail. The pattern of Yukawa matrices in the SU (2) global × U (1) local model shows an interesting indirect correlation between the presence of large corrections to the V ub /V cb ratio and large right-handed rotations in the (s, b) sector required to diagonalise the Yukawas. In the limit when the Yukawa matrices become leftright symmetric, as in the U (2) model, the right and left rotations become similar and small, both of the order of magnitude of the corresponding elements of the CKM matrix, and the correction to the V ub /V cb ratio becomes negligibly small.
In the squark sector, the SU (2) global symmetry ensures almost degenerate squark masses of the first two generations.The main contribution to the FCNC and CP violation in the kaon system comes from the splitting between the first two families and the right-handed sbottom determined by the relative size of F-term and D-term supersymmetry breaking. An interesting conclusion is that, in the presence of the discussed above large right handed rotations in the (s, b) sector, the experimental bounds on the right-handed sbottom and the first two families of squarks are of the order of a few to a few tens TeV, depending on various parameters of the model and on the gluino mass. We discuss in detail that dependence, including the dependence on the structure of the Kähler potential. The picture that emerges is then light stops and left-handed sbottom and much heavier other squarks.
Finally, the SU (2) global × U (1) local model gives us an opportunity to investigate the mechanism of the D-term supersymmetry breaking in a scheme going beyond the simplest U (1) case. The presence of the additional SU (2) global symmetry, to be spontaneously broken by a second flavon, imposes non-trivial constraints on the D-term supersymmetry breaking mechanism, particularly if a hierarchy between the F -term and D-term breaking scales is to be obtained. Actually, we discuss all those issues with the continuous SU (2) replaced by a nonabelian discrete subgroup G, to avoid the problem of Goldstone bosons. A discrete sym-metry is also more natural from a string theory perspective. Another possibility would be to consider a weakly gauged SU (2), with a gauge coupling small enough in order to suppress the non-universal D-term contribution to sfermion masses, as proposed in Ref. [22] .
The outline of this paper is as follows. In section 2 we formulate the flavour model. In section 3 we discuss the predictions of the model for quark masses and mixings. In Section 4 we discuss the soft susy breaking masses arising from both D and F terms. Section 5 is devoted to the bounds on the squark sector obtained from the FCNC and CP violation effects and in the leptonic sector from µ → eγ. In Section 6 we discuss the effects of the renormalization group running starting from a high (GUT) scale and resulting constraints at low-energy. In section 7 we discuss the main requirements on models that break spontaneously both horizontal symmetries and have D and F term supersymmetry breaking, with a hierarchy of scales. In section 8 we give our conclusions. In two appendices we present more details of the model and of the calculation of the bounds on the squark masses.
The Model
In the present paper we propose a flavour model based on G × U (1) local horizontal symmetry, where G is a discrete nonabelian subgroup of SU (2) global . The discrete version (or a weakly gauged SU (2)) allows first of all to avoid potential Goldstone bosons after spontaneous symmetry breaking. From a UV quantum gravity perspective, whereas we can imagine continuous abelian symmetries in string theory, broken only by nonperturbative effects, there are no similar continuous nonabelian symmetries. On the other hand, all string theory constructions are naturally endowed with discrete symmetries. For some recent dedicated discussions on discrete symmetries in string theory, see e.g. [23] for heterotic examples and [24] for D-brane examples.
We have to specify the representations of the various fields under the flavour group G × U (1), where G is a discrete subgroup of SU (2). However, it turns out that the flavour phenomenology can be largely decoupled from the choice of G, so we will postpone any issues related to the global part of the flavour group to Sec. 7. The simplest choice for the flavour charges is to consider SU (5) invariant charges X 10 and X 5 , with Higgs uncharged. We need two flavons, an SU(2) doublet φ with charge X φ and an SU (2) singlet χ with charge −1. The total field content is summarized in Tab. 1. The zero U (1) charge of the 3rd generation ten-plet takes account of the large top quark Yukawa coupling, whereas the X 3 is left free, to accommodate different values of tan β.
The relevant part of the superpotential is given by
We have imposed here that all exponents are non-negative
The h's are complex O(1) coefficients, Λ is a high flavour scale and a, b are the SU (2) indices. The structure of the Kähler potential is discussed in section 4. In the leading order in small parameters, its details do not affect the predictions in the fermion sector. Using the flavon vevs
one can calculate masses and mixings in terms of the original parameters. The Yukawa matrices are given by
It was noticed some time ago that in models based on Abelian gauge symmetries of the Froggatt-Nielsen type [12] with one flavon, there are simple relations between the mass matrices and the mixed gauged anomalies U (1) × G 2 a of the flavour U (1) and the SM gauge group factors G a [25] . These relations clearly point towards an anomaly of the Abelian flavor gauge group. Moreover, even without the SU (5) assumption on the Abelian charges, as done here for simplicity, they also predict the value of the weak angle sin 2 θ w = 3/8 at the high scale [26] . Those predictions rely on Yukawa couplings generated by one flavon field and are usually violated if there are more flavons. Our present model has three flavons from the U (1) viewpoint, or in U (1) × SU (2) terms, one SU (2) singlet and one doublet. Interestingly enough, however, the determinants of the mass matrices depend only on the singlet flavon field
By combining these mass determinants and using the values of the the anomaly coefficients (in the notation of Ref. [16] ),
we find the same mass-anomaly connections as in the pure U (1) case with one flavon, in particular the relation det 9) which clearly displays the need for an anomalous U (1). One crucial ingredient in deriving these relations in our case is the vanishing of the 13 element in the Yukawa matrices. Therefore, models in which the 13 element is non-vanishing, with multiple SU (2) flavons with no alignment, will violate the relations above. The anomaly of this abelian flavor symmetry has has then to be cancelled by the Green-Schwarz mechanism [27] . This has several well-known consequences, among which: -there is typically an induced Fayet-Iliopoulos term close to the string scale, which has the consequence that generically the symmetry is broken at high scale.
-such anomalous symmetries can naturally implement supersymmetry breaking at hierarchically small scales, combined with nonperturbative effects, which are natural in this context.
Quark masses and mixings
In this section we discuss the predictions of our model for quark masses and mixings. The model is defined at a high scale and any comparison with experimental data is subject to renormalisation effects. Such effects give important corrections to small CKM matrix elements due to the large top quark Yukawa coupling [28] , but not to their ratios and to the ratios of the first two generations Yukawa couplings to the third one. Therefore, the scale dependence of the predictions discussed in this section is negligible. It can only affect the fit of the small order parameters, which is anyway made with random O(1) coefficients. The diagonalisation of the Yukawa matrices given in the previous section by left and right rotations on the quark fields is performed in Appendix A. The rotation matrices, the Yukawa eigenvalues and the CKM matrix are explicitly given there. Here we just mention that, using the freedom of phase rotations on the quark fields, one can as usual bring the mass matrices to the diagonal form with real eigenvalues and the CKM mixing matrix can be written in the standard form, with one physical phase. For the future calculation of the soft sfermion masses, it is also important that the left and right rotations depend altogether on four phases, which cannot be removed by phase redefinitions.
Predictions
Before giving the results of our fit of the parameters in the Yukawa matrices to fermion masses and mixings, we discuss the predictions of the model that do not depend on the details of that fit. Using the results in Appendix A one finds, in particular, the following relations:
where 
which only involve measured quantities. However our analysis shows that these predictions do not follow alone from the zero textures in the Yukawa matrices but also require
i3 (see also Ref. [20] ). Numerically one has, taking mass ratios at M Z and CKM elements from a global fit [29] ,
so that the relations in Eq. In addition to the accurate relations in Eq. (3.5), in U (2) models one also gets predictions which are valid only up to combinations of O (1) numbers
besides the SU (5) relations for the masses
Most of these predictions valid up to O (1) factors work pretty well, since
Only the second relation in Eq. (3.8) requires a large numerical factor O (20) (RG effects improve the agreement in the first relation in Eq. (3.8) [28] . One possibility is to have |h u 22 h u 33 − h u 23 h u 32 | ∼ 4.5 (see A.5 and A.6), which is easy to achieve with moderate deviations from h u ij ∼ 1. This would indicate that y u /y c is accidentally small in our parametrization while y d /y s is at its natural value. In fact this is exactly what we need in order to explain the relative importance of the corrections to the exact relations in Eq. (3.5) .
Notice that the U (2) relations in Eq. (3.4) imply that tan β is fixed to be large and another order-of-magnitude prediction is made 
Numerical Fit
The small order parameters can be fixed by a fit to fermion masses and mixings for random O (1) coefficients. In a common approach to Yukawa hierarchies arising from spontaneously broken horizontal symmetries one would typically scan over O(1) "bare" Yukawa couplings h ij and perform a fit for the order parameter(s) and charges. However, because of the highly constrained nature of the Yukawa couplings (which besides phases only comprise five real parameters in each sector) we have proceeded differently. In a first step, we perform a . In a second step we would like to estimate the i of our specific model. We assume that the h q ij are log normal distributed with mean 1 and variance σ = 0.55 (this particular value of σ corresponds to the assumption that the h ij lie between 1/3 and 3 at 95% C.L.). We thus fit the i by minimizing
where the "experimental" Y q ij are the values resulting from the first step. We obtain the result log 10 u = −1.5 ± 0.15 , log 10 u = −3.8 ± 0.35 ,
Interestingly the correlations between the i are very small. The goodness of fit is χ 2 min /(d.o.f.) = 0.8. At the best fit point, all h ij are indeed close to unity, with the largest deviation occuring in the parameter h u 22 ∼ 2.8. 6 These values in turn determine the original parameters according to Eq. (2.6) 5 We do this using real Yij. We do not expect the values of the charges and order parameters to depend on this simplifying assumption. We thus have 10 real parameters for 9 masses and mixings, and hence expect one flat direction, which turns out to be roughly aligned with the Y u 32 direction. 6 We could use the same values for the Y q ij obtained in the first step and apply it to the U (2) model defined by Eq. (3.4). Taking as parameters u, u and t β we find a much worse fit with χ 
From the imposed relations X 10 + X φ ≥ 0 and X5 + X φ ≥ 0, one also obtains from Eqns. (2.6) and (3.14) the lower bound (at 95% C.L.)
Imposing that the charges are integers then gives a series of possibilities. Here are a few examples, indicating the acceptable range of values for the small parameters. A particularly simple possibility is for instance
But the relations in Eq. (3.15) also allow for several other choices,a non exhaustive list is given in Tab. 2. Clearly, the range of values for φ = 0.02 − 0.2 and similarly for χ is acceptable. Notice that the choice X5 = X 3 is allowed for any value of χ and in fact remains the only possibility for χ 0.05. This will turn out to be an important source of FCNC suppression as will be explained in detail in section 5. In particular, it means that in models where D-term breaking dominates, the RH sbottom mass cannot be split very much from the RH down squark masses of the first two generations. For this reason we will mostly focus on the model defined by Eq. (3.17), which has the additional advantage of a very small SU (2) breaking order parameter, φ ∼ 0.02.
Soft SUSY breaking terms
The purpose of our model is to link natural supersymmetry to flavour physics. The structure of the soft supersymmetry breaking terms is defined at a high scale (of the order of the GUT scale) by the horizontal symmetry group and the family charges. It is then subject to the RG evolution to the electroweak scale and constrained by the FCNC and CP violation effects at that scale. Those constraints depend on the fits to the fermion sector and on the general structure of soft terms, which is not affected by the RG running. In this section we discuss that structure, in the next one we investigate the experimental constraints on the various low energy scales present, once the UV structure is imposed and in section 6 we include the RG running effects to map the low energy picture to the UV completion, within the considered framework.
In our scenario soft masses receive contributions both from F -and D-terms. The contributions from the U (1) H D-term are characterized by the scalẽ
while the F -term contributions that arise from higher-dimensional spurion operators in the potential suppressed by some SUSY messenger scale M have a typical sizẽ
Gaugino masses, A-terms, the µ-term and all masses of scalars uncharged under U (1) H are generated from F -term contributions 7 , while charged scalars receive an additional contribution from the D-term vev. Let us first discuss the flavour structure of the D terms. Using that X 10 + X φ ≥ 0, the Kähler potential for Q can be given as follows:
where · · · denote operators which break the SU (2) symmetry down to a discrete subgroup D n 8 . The last operator has an additional suppression factor, as otherwise it will be removed by a holomorphic field redefinition of Q 3 . One finds the Kähler metric
(4.4) The soft mass terms are found by expanding the Kähler potential in Eq. (4.3) to linear order 7 As will be shown explicitly, uncharged scalars can also get D-term contributions to their mass from higherdimensional operators in the Kähler potential. These contributions are however suppressed by flavon vev's and for small enough vev's they are smaller than the F-term contributions. 8 There are several such operators. One example, for the case of the discrete subgroupsDn (see e.g. Ref.
[30] for the group theory), is
We have checked that their effects is to redefine coefficients of some of the operators in what follows, without changing our conclusions. Consequently, we will ignore writing explicitly such operators in what follows.
in D H and going to canonical normalization using the Kähler metric Eq. (4.4). One obtains
The U sector works in the same way. For the D sector we assume |X5 − X 3 | ≤ |X φ |, leading to
where we have defined X 53 = X5 − X 3 . Note that unlike the Q and U sectors, the z 23 term scales with a power of χ rather than χ † . One finds the Kähler metric
After going to canonical normalization one obtains the soft mass terms:
In principle the whole Kähler potential in Eq. (4.3) and Eq. (4.6) can be multiplied by X † X, giving rise to F term contributions to the soft masses with identical scalings with φ,χ , but with an additional suppressionm 2 F /m 2 D . However, there are a few cases where the F terms can be relevant. First notice that the leading D term contribution vanishes for (m 2 I,D ) 33 , I = q, u, resulting in an additional suppression ∼ 2 φ , 2 χ , as is explicit in the above expressions. This suppression, for small flavon vev's, is bigger than the one from the hierarchy
In particular this means that the stop, the right handed stau and the left handed sbottom masses are mainly due to F terms. Second, in the particular case X 3 = X 5 , all the diagonal elements (m 2 d,D ) ii are degenerate and one has to take into account the splitting induced by the F terms. We then only need to consider the F term contributions
with other O(1) coefficients d I . All other F term contributions can be neglected. Let us pause a moment and discuss the various effects of the flavour breaking terms in the Kähler potential. First of all, we have checked that the off-diagonal terms present in Eqs. (4.5) and (4.8) give only non-leading contributions to the exact rotation matrices diagonalising squark masses. Thus, a very good approximation, neglecting the LR contribution, the squark mass matrices are diagonal in the original basis. The natural basis choice is then to perform rotations only on the fermion fields to diagonalise Yukawa matrices, so that the flavour changing effects will appear in the quark-squark-gluino vertices, controlled by the latter rotation angles. A splitting of the squark masses of the first two generations, introduced by the non-diagonal Kähler terms, renders the FCNCs sensitive to the large 12 rotation angles of the quark sector, which for exactly degenerate first two generations drops out. For φ in the range 0.02 to 0.2, as obtained from the fit in the previous section, these effects are often subleading to the effects generated by the splitting between between the first two and the third generation. A detailed analysis of various effects is presented in the next section.
To summarize, we now collect the relevant sfermion mass matrices in an effective parametrization, keeping only the entries that are most relevant for the SUSY spectrum and dominantly contribute to flavor changing effects. Forũ L ,d L ,ũ R ,ẽ R sfermions the diagonal terms also provide the main source of flavor violatioñ 
the diagonal elements also dominate flavor violating effects
The structure of the A-terms follows the structure of the Yukawas in Eqns. (2.4), (2.5)
with some complex O (1) coefficients a u,d
ij .
Flavor Constraints
We have shown that the hierarchy of fermion masses generates certain (inverted) hierarchy for sfermions, whose actual magnitude would depend on the relative magnitude of the scalesm D andm F and on the RG renormalisation effects. In more detail, the picture that emerges is the following one: both stop masses, the left-handed sbottom and the right-handed stau (we have neglected the LR mixing) are controlled by the scalem F , the first two generation squark masses are controlled bym D (assumingm D >m F ) and are necessarily heavier, whereas the mass of the right-handed sbottom and left-handed stau depend on the scalem D through the charge X 3 . Their dependence onm F also cannot be a priori neglected. Given this general hierarchical structure of the squark masses, in this section we investigate if the constraints from the FCNC and CP violation effects allow for the physical stops and the left-handed sbottom to be below or around 1 TeV and, if taken so low, what are then the bounds on the other squark masses. Then, in the next section we take into account the RG evolution to map the low energy bounds into the initial conditions form D andm F at the high scale, where the model is defined. In the following we restrict to the most relevant observables K and Γ(µ → eγ) and leave a detailed analysis of the phenomenology to a future publication.
Constraints from K
The strongest constraints on the sfermion masses in this model come from K mediated by squark-gluino exchange. In our phenomenological analysis, we take the gluino mass in the range (1.5−3) TeV. Since the bounds on the squark masses scale inversely proportional to the gluino mass, the quoted bounds can vary by a factor of two. For simplicity 9 we use as an estimate the bounds on the relevant Wilson coefficients from Ref. [32] , at the scale of the soft masses. For the bound on the left-handed sbottom only ∆C 1 is relevant (see Appendix B). Since it is proportional to the product of the left-handed rotations, which are small in the model (of the order of the corresponding CKM matrix elements), it is not surprising that the bound on the left-handed sbottom is weak; for the gluino mass of 1.5 TeV it is generically below 1 TeV (it depends on the assumed values of the phases). This means that a necessary condition for natural supersymmetry is consistent in this model with the flavour data and we take in the following stops and the left handed sbottom to be in the TeV range. Large rotation angles entering into the Wilson coefficients are the right-handed rotations in the (2,3) sector, so we expect non-trivial bounds fromC 1 and C 4 . Although in the latter case, one angle in the product is left-handed and small, the much stronger experimental bound on C 4 than oñ C 1 , makes C 4 (corresponding to the LLRR amplitude in the mass insertion language) the most relevant coefficient for our discussion. The imaginary part of C 4 is bounded by [32] We will now turn to the analysis of the FCNC bounds in our model guided by the general structure of the soft squark masses, as given by Eqns. (4.5), (4.8) and (4.9). We calculate the supersymmetric contribution to the Wilson coefficient C 4 in the basis in which both quark 9 For a thorough discussion of Kaon mixing in natural SUSY see e.g. Ref. [31] . and squark masses are diagonal. Since in model A both 1-2 and 1-3 splittings are small, we expand the masses in Eq. (B.7) around the common values and use unitarity of the rotations. One obtains
The loop functions f 4 ,f 4 are defined in [33] and given explicitly in Eqn. (B.28). The details of the calculation can be found in App. B. The flavor suppression is encoded in the following quantities, defined as
The product relevant for Eq. (5.2) is given bỹ
The case of exactly degenerate first two generations corresponds to the limit ∆ L,R 21 = 0. Due to the unitarity of the rotation matrices that diagonalise the Yukawa matrices, those contributions are always proportional to a product of two rotation angles (V d L,R ) 3i with i = 1, 2 and nicely demonstrate the supersymmetric GIM mechanism [34] : they vanish in the limit of the (relevant for a given contribution) degenerate first two and the third generation squark masses. Another interesting limit is the decoupling limit for the first two generations [35] , where they depend only on the third generation squark masses. It is interesting to observe how the experimental bounds on the Wilson coefficients result in the bounds for squark masses as a function of the splitting between generations.
As already mentioned in Sec. 4, the effect of the 1-2 splitting in (5.2) is often negligible. As a rough estimate, if the splitting of the first two generation squarks is smaller than
the corresponding terms become subleading. This is a common situation, in particular in scenario A where the smallness of the SU (2) breaking results in ∆ L,R 21 ∼ O(10 −4 ). However, one should keep in mind that this is not always the case, and for some parameter choices in the other scenarios in Tab. 2 they can become the dominant source of flavour violation.
In Fig. 1 we plot the bounds arising from imposing Eqn. (5.1) on (5.2) in the mg and m b R m d R plane, for various choices of the remaining parameters. In the Sec. 6 we will see that a natural stop/gluino spectrum in the TeV range will imply a high scale vlaue ofm F and hence a splittingm If we for simplicity setm
we can obtain a simple estimate for ∆C 4 as a function of the remaining free masses and splittings, as well as the other parameters. Expanding Eq. (5.2) for largem d R one gets 10
where we took α s (µ) at µ = 1.5 TeV and used Eq. (B.20).
Up to now we have been working in model A. For the other models consistent with the quark masses and mixings, summarized in Tab. 2, the bounds are much stronger. The reason is that the 3-1 splitting is not set bym 2 F but instead bym 2 D (as X 3 = X 5 ). Moreover, the 2-1 degeneracy is also less exact due to the much larger SU (2) breaking, φ ∼ 0.1 − 0.2. Barring some fine tuning of parameters, we then need to go to scales at least of the order ofm b R ∼ O(100 TeV). Given that these models also require generally large tan β, such hierarchies can easily run into problems of RG induced tachyonic masses for squarks and sleptons. We will quantify this statement in the next section. 10 Here we have neglected the term proportional to the phase e 
Constraints from µ → eγ
Another important effect in these class of models is the contribution to BR(µ → eγ) through the exchange of charginos and sneutrinos. Although all three sneutrinos are at the heavy scalem D , this contribution is enhanced by large LH mixing angles in the charged lepton sector (that are of the same order as the RH mixing angles in the down sector). Therefore it dominates over the contribution from neutralinos and right-handed staus in the loop, which is strongly suppressed by CKM-like mixing angles, and typically also over the contribution from neutralinos and left-handed staus, which has the same flavor and mass suppression, but smaller numerical coefficients.
For the calculation of the decay rate we use the general results of Ref. [36] . We then expand the chargino mixing matrices in leading order in m W /M i and m W /µ, neglect LR mixing and use approximate degeneracy of the first two sneutrino generations to carry out the flavor summation. The result for the decay rate is 10) and the loop function can be found at the end of Appendix B. Here the matrix Z ν diagonalizes the sneutrino mass matrix in the super-CKM basis and is therefore given by the LH charged lepton rotation matrix in the limit where sneutrino masses are diagonal in the original basis (i.e. the diagonal D-term contribution dominates), Z ν ≈ V e L . Then using the approximate SU(5) relation V e L ≈ V d R one finds for the relevant flavor transitions , so that the loop function can be expanded for small splittings ∆m 2 m ν 3 corresponding to X 3 = X 5 . Within these rough approximations the branching ratio is given by 12) to be compared with the bound provided by the MEG Collaboration [37] BR(µ → eγ) < 5.7 × 10 −13 . 6 Mapping to the high scale
11
A brief summary of our results from the previous sections is as follows. We have defined a flavour theory at a high (of the order of the GUT) scale by the underlying flavour symmetry. The horizontal charges have been determined by a fit to the quark masses and mixing. This procedure does not introduce any relevant scale dependence. We have chosen Model A in Table 2 with X 10 = X 5 = X 3 = 1 and φ ≈ χ ≈ 0.02 as our reference model. This model gives the structure of the squark masses at the high scale in terms of the two unknown mass scalesm D andm F . The stops, the left-handed sbottom and the right-handed stau masses, as well as the gaugino masses depend only onm F . Them D contributions to the remaining sfermion masses are universal (in Model A) and the first two generations can be split from the right-handed sbottom/left-handed stau by a contribution of orderm F . Apart from quantitative aspects of the RG evolution from the high to the electroweak scale, the basic structure at the low scale remains: the stops, the left-handed sbottom and the gluino physical masses continue to be of the same order of magnitude; the first two generations and right-handed sbottom/left-handed stau are heavier, with a splitting of the latter from the first two (degenerate) generations of the order of the lower mass scale.
Within that structure, we have investigated the constraints from the CP violation in the Kaon system on the above two mass scales set by the physical squark masses, for gluino mass in the range 1 − 3 TeV. We have found that the bounds on the stop and the left-handed sbottom mass is below 1 TeV. Taking those masses to be indeed in the 1 TeV range, as suggested by naturalness, we have then found that the lower bound on the physical mass of the heavy set is in the range of 10 − 20 TeV. Thus, our model accommodates -in fact hints to -the desired spectrum of minimal supersymmetry by linking it to a flavour theory, with a sizable splitting by a factor 10 − 20 between the physical masses of the light and heavy sets of superpartners.
The questions we are now facing are : i) what are the initial conditions in terms of the high scale parametersm D andm F for such a hierarchical spectrum and ii) can they be consistent with the proper electroweak breaking and the absence of any tachyonic states? It is well known that in models defined at a high scale, the initial splitting of the first two families of squarks (let their mass bem 1,2 ) from the third one (with massm 3 ) cannot be arbitrarily large (see Refs. [8, 9] ). This is because of the 2-loop sensitivity to the heavy masses in the RG equations for the Higgs mass parameter m 2
Hu and for the stop masses. The numerical solutions to the 2-loop RG equations in terms of the intial values of the SO(10) symmetric soft mass parameters at the GUT scale read (obtained in Ref. [9] with the SOFTSUSY code [38] ):
The coefficients in the above equations have been computed at the scale Q = 1.5 TeV, tan β = 10, M 1/2 = 700 GeV, A 0 = −3 TeV,m 3 = 3 TeV andm 1,2 = 10 TeV. Their precise values depend slightly on that choice but the qualitative features of the solutions remain unchanged. To a very good approximation, the coefficients in Eq. (6.1) are as obtained in the limit of vanishing bottom Yukawa coupling (the effects due to the Yukawa couplings of the first two generations are totally negligible anyway). Its effect is small since it is multiplied by small masses of the light set ( and introduces only a very mild tan β dependence). The positive contribution of them 1,2 to the running of m 2 Hu may destroy electroweak breaking whereas the negative contribution ofm 1,2 to the running of the stops and lefthanded sbottom masses can drive them tachyonic. For a fixed value ofm 3 , the synergy of both effects leads to an upper bound on the massm 1,2 and for a fixed largem 1,2 , a lower and upper bound onm 3 , constraining the allowed parameter space. Fixing the physical stop masses to be around 1 TeV, one obtains an upper bound on the hierarchy of the physical masses (since the first two generation masses run very weakly). This bound is rising with the gluino mass, as the gluino contribution eases both effects ofm 1,2 .
In our present case the initial spectrum is only SU (5) symmetric and also the righthanded sbottom and the left-handed stau are heavy. This splitting introduces important corrections to the solutions in Eq. (6.1) that lead to a tan β dependence in both effects above, strengthening them for larger values of tan β. This information is encoded already in the 1-loop RG equations, which include the terms Y 2 one has the following relation at the electroweak scale for m A :
Thus, one can express the CP-odd scalar mass in terms of the high energy parameters by solving the RG equation for (m 2
The netm 2 D dependent contribution to m 2 A is approximately −0.12(tan β/30) 2m2 D , so it is pushed by the terms proportional tom 2 D into the "tachyonic" region more effectively than the sfermions. The experimental bounds on m A as a function of tan β therefore put an important lower bound onm F (that controls the positive contributions to m A ), for a large fixed value ofm D .
The synergy of the required proper electroweak breaking and the experimental limits on m A leads now to much stronger bounds in the space (m D ,m F ) as a function of tan β. In consequence, one gets strong bounds on the hierarchy of the physical masses of the two sets of superpartners. Turning it around, the natural physical spectrum of our model, with stops and the left-handed sbottom around 1 TeV and with the other squarks a factor 10−20 heavier, cannot be realized for arbitrarily large values of tan β.
Those qualitative considerations are nicely illustrated by the two plots in Fig. 3 . In both plots the value ofm D is fixed to 15 TeV, and A-terms are chosen as A 0 = −3 TeV (left plot) and A 0 = −2 TeV (right plot). The initial gluino mass is fixed to 0.6 (1.0) TeV in the left (right) plot respectively, corresponding to approximately 1.5 and 2.5 TeV physical gluino masses. Since the first two generation and the R-handed sbottom masses run very weakly, their physical masses remain around 15 TeV. The blue, green and red colours describe the lighter stop, the lighter stau and the Higgs mass values, respectively. In both plots we see the tan β dependent upper bound onm F coming from the requirement of proper electroweak breaking. The lower bound onm F does not depend on tan β for certain range of its values for which it is due to the the 2-loop stop "tachyonic" constraint that is independent of the leftand right-handed sbottom splitting. For large enough tan β the 1-loop splitting effects take over, and the lower bound onm F increases with tan β as a result from the experimental limit on m A . The intersection of the upper and lower bound onm F then determines the allowed upper value of tan β . There is also an exclusion region for very low tan β which depends on the details of the RG equations. Finally, it is interesting to see that, for the parameter values of the plots, the lighter right-handed stau mass remain close to its initial valuem F because form 2 τ R in Eq. (6.1) the coefficient ofm 2 F is close to 1 and the negative 2-loop effect fromm 2 1,2 is an order of magnitude smaller than for stops. Although the tan β dependent effects summarized below (6.3) are similar, as the net result the right-handed stau mass runs very little. Therefore the constraints from LFV are typically satisfied, as the stau is significantly heavier than the stop. For larger values of the gluino mass, however, the stau mass gets closer to the stop mass since the latter gets a larger contribution from gluino renormalisation.
Summarizing, the minimal supersymmetry spectrum of our model fits nicely a two mass scale initial conditions with a moderate hierarchym D m F ≈ (3−5). However, the range of tan β for which such a spectrum can be obtained is limited to small and intermediate values as a result from proper EWSB. This is an interesting constraint on minimal natural supersymmetry, with only stops and the left-handed sbottom light and the rest of squarks heavy, almost totally model independent. In the framework of our SU (2) × U (1) flavour model, the constraints discussed in this section strongly point to an almost unique choice of universal U(1) charges X 10 = X 5 = X 3 , since larger mass splittings would significantly rise the lower bound on the heavy set masses (see section 5), in conflict with the results of the present section.
Model building requirements
All our discussion of fermion and superpartner masses in the previous sections are compatible with a flavor symmetry based on U (1) × SU (2), with broken supersymmetry, and where U (1) is gauged in order to provide large D-terms D > (F/M ) 2 by a factor of 3−5, whereas SU (2) is a global symmetry. The model would link then flavour symmetry with natural supersymmetry in a simple and economical way. It is clearly an interesting challenge to put these ideas on a more firm theoretical footing.
From a theoretical viewpoint a continuous SU (2) is problematic, since after spontaneous symmetry breaking it leads to massless goldstone bosons. In a string theory setup, there are no obvious ways to obtain continuous non-abelian symmetries, whereas discrete nonabelian symmetries are typically present and related to the geometry of the internal space [23] and/or of the fluxes needed for generating chirality in realistic models [24] . Another potential possibility would be to consider a gauged SU (2) with a gauge coupling small enough in order to prevent non-universal D-term contributions to soft masses. Both options are worth further exploration towards realistic UV completions. Here we limit ourselves to some remarks on discrete symmetries.
The simplest discrete symmetries that do the job seem to be the groupsD n , also called D n in the literature. However, most renormalizable operators preserve SU (2) and typically at renormalizable tree-level there are still massless goldstones. Most lower higher-dimensional operators that break SU (2) →D n preserve actually the continuous subgroup U (1) ∈ SU (2) and as such, there is still one massless goldstone. Finding higher-dimensional operators that break also this Abelian subgroup and give mass to the goldstone is therefore necessary. Moreover, the model should induce the structure of vevs that we need: large scalar vevs for the flavons and alignment in the flavor space in order to provide successful fermion, scalar mass matrices, A-terms and gaugino masses.
To summarize, the minimal setup that seems viable is based on supersymmetric models with flavor symmetries U (1) X ×D n , satisfying the following requirements:
• Supersymmetry is broken with D and F-terms, such that D > (F/M ) 2 (by a factor of 3 − 5).
• The dynamics of the model generate appropriate vev's and vacuum alignment.
• There are higher-dimensional operators that break explicitly SU (2) →D n , in particular breaking the subgroup U (1) ∈ SU (2).
A complete theoretical framework should be a string theory with an anomalous flavor-dependent U (1) gauged symmetry and non-abelian discrete subgroup of SU (2). The vacuum structure is typically tied also to moduli stabilization, due to the anomalous nature of U (1) and the fielddependence of the Fayet-Iliopoulos terms in string theory. Whereas a complete string theory model along these lines is beyond the goals of our paper, it is worth mentioning here that the main ingredients of our construction are present in most current realistic string theory constructions.
Conclusions
The first round of the LHC experiments suggests a change of perspective on supersymmetric models. If low energy supersymmetry is realized in Nature and if it is to be "natural", the simplest (universal) pattern of soft supersymmetry breaking terms looks less plausible. In this paper we have explored the possibility of linking natural supersymmetry to flavour physics. We have revived the idea of obtaining natural supersymmetry from a flavour theory based on a horizontal symmetry. The proposed model is based on spontaneously broken G × U (1) local family symmetry, where G is a discrete non-abelian subgroup of SU (2), with both F-term and D-term supersymmetry breaking. 14 The soft masses depend then on the two mass scales and their flavour dependence is predicted as a consequence of the hierarchical pattern of fermion masses. A fit to fermion masses and mixings gives a small number of sets of the horizontal charges consistent with the data. The bounds on the sfermion sector from the CP-violation in the kaon system and the other phenomenological constraints discussed in Section 6 point then almost uniquely to the set with the same U(1) charges for all fermion fields except the left-handed top-bottom quark doublet and the right-handed top (with the interchange left ↔ right for charged leptons, if the charges respect SU(5) symmetry), which remain zero. The spectrum of sfermions appears as two sets of particles. The light one, with zero horizontal charges, obtain their mass from the F-term supersymmetry breaking. The dominant contribution to the mass of the heavy ones comes from the D-term breaking. Insisting, for naturalness, on the light masses to be in the 1 TeV range, for the heavy masses one obtains a narrow range of a few to a few tens of TeV, with the lower bound determined by the CP-violation constraint and the upper bound given by the constraints on the left-versus right-handed sbottom mass splitting discussed in Section 6. We emphasize the latter point as a model independent constraint on the spectra of minimal supersymmetry, in which only stops and the left-handed sbottom are light. The required high scale hierarchy of D (F/M ) 2 is a factor of (3) (4) (5) .
Besides linking natural supersymmetry to flavour physics, the model combines the advantages and minimizes the disadvantages of the abelian U (1) and non-abelian U (2) symmetries as theories of flavour in supersymmetric models. For instance, U (2) models are in some tension with the fermions mass and mixing data. In particular, the relation |V ub /V cb | m u /m c predicted in this framework is off by a factor of two compared to the data. We found an interesting indirect correlation between correcting that result and the magnitude of the righthanded rotations in the (3,2) sector required to diagonalise the down quark Yukawa matrix. This, in turn has a strong impact on the bounds obtained from the FCNC and CP violation data on the masses of first two families of squarks and the right-handed sbottom mass. Another point worth mentioning is that U (2) models predict generically large tan β, which together with constraints from the RG running from a high (GUT) scale forces the right-handed sbottom to stay light, leading therefore to a non-minimal natural supersymmetry spectrum.
The phenomenological success of the model makes it worth exploring in detail the UV mechanisms of the D-term supersymmetry breaking in the presence of symmetry groups beyond simple U(1), which have to be spontaneously broken with a proper alignment of the flavon vevs. In the present case these are either gauged SU (2) with suppressed non-abelian Dterms or a discrete subgroup of global SU (2). The latter may fit very well into the theoretical framework of string theory. We discussed general requirements for such a mechanism. 
A Fermion Sector
The Yukawa matrices as obtained from the superpotential in Eq. (2.1) are given by
These matrices are diagonalized by unitary matrices V I L,R according to
such that the mass eigenstates are related to the original quarks (denoted by )
The eigenvalues are approximately 15 given by
The unitary rotations have the form
where P I L,R and P I L,R are diagonal phase matrices to be fixed below, andV I L,R are approximately given bŷ
15 All expressions receive multiplicative corrections of the form
32 |. This is due to the three textures zeroes and the relation Y 12 = −Y 21 in the Yukawas, which indeed remove eight real degrees of freedom. Below we will see that the phase structure is also greatly simplified, as there are only four phases that can be physically relevant. Matching this to the degees of freedom in the CKM matrix, we see that we have one angle and three phases as free parameters.
The left-handed phases matrices can be chosen to bring the CKM matrix to the standard PDG form with one physical phase, while the right-handed ones render the diagonal Yukawas real and positive. This gives The eigenvalues and rotations for the charged lepton sector can be obtained by replacing everywhere in the above the index d by e, with the exception of the phases, which in the leptonic sector depend on the model of neutrino masses.
B SUSY Contributions to Flavor Observables
The new SUSY contributions to FCNC processes due to squark-gluino loops have been calculated in the literature in terms of the flavor-changing unitary matrices Z U,D appearing at the gluino vertex in the notation of Ref. [39] 
where we have used that the LR flavour violation is negligible because of the suppression of the A terms. The flavour violation in the Kaon sector can then be encoded in the Wilson coefficients of the operators
2)
3)
For example the SUSY contribution to the Wilson coefficient of the effective operator Q 1 ,Q 1 , Q 4 and Q 5 is given by [33] (B.9)
The suppression of the i → j flavor transition is therefore entirely determined by the factor
In principle the unitary matrices Z I are a product of quark and squark rotations. In the case where all flavour violation comes from the quark rotations we can simply read them off Eq. (A.4),
which in turn only depend on the unitary superfield rotations V d L . We therefore define the quantities 16 
